OBJECTIVE -To compare the clinical accuracy of two different continuous glucose sensors (CGS) during euglycemia and hypoglycemia using continuous glucose-error grid analysis (CG-EGA).
C
ontinuous glucose sensors (CGSs) offer the potential to significantly increase the amount of clinically relevant information available to individuals with diabetes and their care providers. Several CGSs have the ability to determine and transmit real time blood glucose values to the individual and/or to warn of impending severe hypoglycemia and/or hyperglycemia with audible alarms (1, 2) . Such information could be used to alter and possibly improve clinical decision making by the user. Thus, it is crucial that the information being presented to the user be clinically accurate.
Continuous glucose-error grid analysis (CG-EGA) has been developed as a method of evaluating the clinical accuracy of CGS utilizing both blood glucose point accuracy (CGS readings versus reference blood glucose determinations) and rate and direction of change accuracy (3) . CG-EGA is a logical extension of the original EGA, which was developed for assessing the clinical accuracy of patientdetermined blood glucose values using either estimation or self-blood glucose monitoring systems (4) . As such, it is based upon the premise that information being generated by a monitoring system should be reliable enough to result in clinically accurate decision making by the well-educated user. Accuracy and error with EGA and with CG-EGA are categorized into zones of accuracy: zone A, clinically accurate (leading to correct and safe treatment decisions); zone B, benign errors (blood glucose values outside preset precision tolerances (usually within 20% of reference) but probably not resulting in deleterious decision making); zone C, overcorrection errors (results outside of target range when reference is within target range, leading to treatment decisions that could result in blood glucose values outside of the target range); zone D, failure to detect (high or low blood glucose) errors (resulting in failure to treat either low or high blood glucose results appropriately); and zone E, erroneous errors (blood glucose values directly opposite to reference values leading to treatment decisions opposite of that needed). CG-EGA uses these same zones of clinical accuracy/
error to present blood glucose point accuracy (P-EGA) but expands the acceptable target levels to account for physiologic interstitial time lags between blood and interstitial tissue and the rate and direction of glucose change. The expansion of the zones is dynamically adjusted for each data point depending on the blood glucose rate of change at this point. For example, when blood glucose is falling between 1 and 2 mg ⅐ dl A separate error grid has been developed to analyze CGS clinical accuracy in terms of rate and direction of blood glucose change (R-EGA). CGS clinical accuracy is therefore presented with both point and rate determinations that can be viewed separately or combined in accuracy tables stratified by blood glucose level. The accuracy tables, or combined error matrix, display both point and rate accuracy and permit the determination of the clinical accuracy of treatment decisions, considering both concurrently. Since it has also been shown that the performance of CGS as well as selfmonitoring of blood glucose devices is less accurate in the hypoglycemic than euglycemic or hyperglycemic ranges, it was decided to evaluate the accuracy of CGS sensors separately for each of these ranges (1, (5) (6) (7) (8) . Thus, CG-EGA results are presented separately for low blood glucose (blood glucose Ͻ 70 mg/dl), euglycemia (70 mg/dl Ͻ blood glucose Յ 180 mg/dl), and hyperglycemia (blood glucose Ͼ 180 mg/dl). This stratification is important because the clinical message sent by an error in the hypoglycemic range is very different from the clinical message sent by the same numerical error in the euglycemic range. The target ranges can be modified, if desired. CG-EGA is compatible with both the original EGA and the consensus error grid (9) .
This study evaluated the clinical accuracy of two CGS systems, the FreeStyle Navigator (Abbott Diabetes Care, Alameda, CA) and the MiniMed CGMS M o d e l M M T -7 0 0 2 ( M e d t r o n i c , Northridge, CA) used simultaneously in subjects with type 1 diabetes whose blood glucose levels were clamped at euglycemia using a hyperinsulinemic glucose clamp procedure and then subsequently reduced in a controlled manner (1 mg ⅐ dl Ϫ1 ⅐ min Ϫ1 ) to hypoglycemia. The data are compared for each system in two of the clinically important ranges (euglycemia and hypoglycemia) using CG-EGA.
RESEARCH DESIGN AND
METHODS -A total of 16 subjects with type 1 diabetes (11 men, 5 women, age 42 Ϯ 3 [SD] years, duration of diabetes 20 Ϯ 3 years) participated in the study. Informed consent was obtained from each participant. Subjects were admitted to the General Clinical Research Center in the evening before the study following a physical examination. Both CGS systems (FreeStyle Navigator and MiniMed CGMS) were applied to the abdomen of each subject at the same time, ϳ12 h before the initiation of the data recording in accordance with the manufacturer's instructions and calibrated as recommended. Specifically, the Navigator was calibrated at 1,3, and 24 h after insertion, and the CGMS was calibrated before operation and then four additional times ϳ6 h apart over each 24 h of the study. The reference blood glucose for calibration of both systems was determined using a FreeStyle blood glucose monitor (Abbott Laboratories, Alameda, CA) using fingerstick blood sampling.
A euglycemic-hyperinsulinemic clamp (insulin infusion rate 40 mU ⅐ kg Ϫ1 ⅐ min Ϫ1 , variable glucose infusion rate) was used the following morning to achieve and maintain blood glucose levels at ϳ110 mg/dl. Subsequently, the glucose infusion rate was reduced to permit a controlled decline in blood glucose levels of ϳ1 mg ⅐ dl Ϫ1 ⅐ min Ϫ1 until the blood glucose level reached 40 mg/dl. The euglycemic clamp portion of the study varied in length from 70 to 210 min, and the duration of the blood glucose reduction procedure ranged from 30 to 60 min.
Arterialized blood was sampled every 5 min, and blood glucose was determined using a Beckman Glucose Analyzer (Beckman Instruments, Fullerton, CA). FreeStyle Navigator glucose readings were recorded each minute, and MiniMed CGMS glucose readings were recorded every 5 min. Because the two systems record data at different time intervals, the CGS records were matched to the reference blood glucose with a 30-s precision, and Navigator data between CGMS readings were discarded. Rate and direction of change of CGS readings were calculated for each system at 5-min intervals.
Data analysis
The P-EGA component of the CG-EGA was used to calculate overall clinical point accuracy for the entire dataset. Next, CG-EGA results combining point and rate accuracy were calculated for each CGS in the euglycemic and hypoglycemic ranges separately (excursions into the hyperglycemic range were not part of this study). In addition to CG-EGA, we used some traditional statistical methods to reaffirm the results: glucose readings from each CGS system were correlated with reference blood glucose readings, and a linear regression model was used to determine the contribution of the readings from each system to the estimation of the reference blood glucose level overall and during hypoglycemia.
RESULTS -A total of 1,404 matching data points were identified. There were 1,104 readings in the euglycemic (70 mg/ dl Ͻ blood glucose Յ 180 mg/dl) range and 250 readings in the hypoglycemic range (blood glucose Ͻ70 mg/dl).
Clinical accuracy of each system over the entire range of glucose readings was assessed first using CG-EGA point accuracy alone as shown in Table 1 The combined point ϩ rate CG-EGA collapses the error-grid zones into three groups, accurate readings, benign errors, and clinically inaccurate readings, and stratifies them by blood glucose zone (3). Combined point and rate accuracy, CG-EGA, as shown in Table 2 , revealed similar clinical accuracy for both CGS systems during euglycemia. FreeStyle Navigator data revealed 88.8% accurate readings and 99% accurate ϩ benign error readings, whereas the MiniMed CGMS data revealed 89.3% accurate readings and 98.3% accurate ϩ benign error readings. However, during hypoglycemia, there were significant differences in clinical accuracy between the two systems, with 82.4% accurate readings with the Navigator and 61.6% accurate readings with the CGMS (P Ͻ 0.0005). This difference persisted when clinical accuracy was assessed by adding accurate and benign error readings together (Navigator zones A ϩ B, 88%; CGMS zones A ϩ B, 62.8%; P Ͻ 0.0005).
Figure 1-Visual representations of the results for FreeStyle Navigator and MiniMed CGMS. Shown are scatter plots of the glucose values superimposed over the R-EGA grids (A) and scatter plots of the glucose point values superimposed over the P-EGA grids (A and B). As stated in RESEARCH DESIGN AND METHODS, CG-EGA plots points on grids with dynamically adjusted boundaries. BG, blood glucose.
The data were synchronized across subjects by setting zero time at the nadir of reference blood glucose achieved during the hypoglycemic portion of the clamp. Reference, Navigator, and CGMS readings every 5 min for 1 h before and 1/2 h after this nadir were averaged to investigate the performance of the two sensors during induced moderate hypoglycemia (Fig. 2) . It is evident that FreeStyle Navigator follows the descent of the reference blood glucose closely and after the nadir overshoots the target during the recovery period, perhaps due to interstitial time lag. MiniMed CGMS fails to follow the descent of the reference blood glucose and tends to skip the nadir, missing hypoglycemia. The average nadir of reference blood glucose across subjects is 50.1 mg/dl, whereas at the same time, the average Navigator reading is 49.1 mg/dl, and the average CGMS reading is 69.3 mg/dl. Repeated measures ANOVA with contrasts shows no statistical difference between reference and Navigator data at blood glucose nadir (t ϭ 0.3, NS) and a highly significant difference between reference and CGMS data at the same time point (t ϭ 4.2, P Ͻ 0.001).
In terms of traditional statistics, both CGS systems' readings correlated significantly with the reference blood glucose over the entire range of blood glucose values and were not different from one another (FreeStyle Navigator, r ϭ 0.84; MiniMed CGMS, r ϭ 0.79; both P levels Ͻ0.001).
During euglycemia, regression analysis estimating the reference blood glucose from the Navigator and CGMS readings showed that both Navigator and CGMS contributed significantly to the estimation of blood glucose, with partial correlations of 0.63 for the Navigator and 0.47 for the CGMS, both significant at P ϭ 0.001. However, during hypoglycemia, only the Navigator data significantly estimated the reference blood glucose (P Ͻ 0.001). In the presence of Navigator readings, CGMS data did not contribute to the estimation of reference blood glucose and was dropped by the stepwise regression procedure at P level of 0.1. In this latter case, the CGMS data explained Ͻ1% of the variance of hypoglycemic readings, which is consistent with the results of the CG-EGA and with Fig. 2. CONCLUSIONS -These results demonstrate the usefulness of CG-EGA in evaluating the clinical accuracy of CGS sensors in two clinically important blood glucose ranges. Indeed, correlational analyses, the use of the original EGA or P-EGA alone to express clinical accuracy would have suggested that the two systems tested produced data with similar clinical accuracy. Such analyses would have failed, however, to detect the significant differences in clinical accuracy between the two sensors in the critical hypoglycemic range where not only point accuracy but also the ability to follow the progression of a hypoglycemic episode are vitally important. In that sense, the dynamic accuracy of a sensor becomes a critical feature, especially during hypoglycemia, which may develop at a much more rapid rate than the modest 1 mg ⅐ dl Ϫ1 ⅐ min Ϫ1 of the present study. CGS devices have the potential to be important adjuncts in the management of blood glucose levels in both type 1 and type 2 diabetes. However, before their use becomes widespread it will be important for both researchers and clinicians to gain confidence in the systems' ability to produce clinically accurate information. Despite the reports that the currently commercially available systems have low sensitivity and specificity for identifying hypoglycemia (1), several manufacturers are marketing their products as hypoglycemia warning systems to be worn by children while they sleep. Although the current study was not designed to test low blood glucose alarms, the CG-EGA results in the hypoglycemic range suggest that the sensitivity of these systems vary and that further refinements in technology may be required before every system could be used relatively to warn of impending severe hypoglycemia. Indeed, the data presented in Fig. 2 suggest that treatment of hypoglycemia might not occur based on the CGMS readings, whereas overtreatment might occur with the Navigator readings.
This study is the first to report simultaneous accuracy of two different CGS systems applied to the same portion of the body. Particular attention was paid to following the manufacturers' written instructions for the insertion and calibration of the devices. Since each subject was permitted to eat their evening meal following application of the devices, it can be assumed that euglycemic and hyperglycemic excursions were recorded by the devices before the initiation of the clamp study the following morning. In addition, the rate of blood glucose fall was carefully controlled to ϳ1 mg ⅐ dl Ϫ1 ⅐ min Ϫ1 to mimic a rate of blood glucose reduction that would not be uncommon among persons with type 1 diabetes. Such a rate of fall should not be beyond the limits of detection of any CGS system with commercial potential.
In summary, CG-EGA has been shown to be a useful adjunct for comparing the dynamic clinical accuracy of CGS devices in different clinically important blood glucose ranges. CG-EGA permits the calculation of a numerical measure of accuracy by which different CGS devices may be evaluated and compared and may be useful in setting standards and expectations of such devices. In addition, the CG-EGA is currently the only tool available for the evaluation of sensors' ability to follow blood glucose dynamics, and we suggest its continued use for the evaluation of blood glucose events in motion, particularly for the evaluation of devices that aim to close the loop between blood glucose measurement and insulin delivery. In such a closed-loop scenario, the accurate evaluation of both blood glucose level and its direction and rate of change would be critical.
